1] A fundamental goal in the study of mid-ocean ridges is to understand the relationship between the distribution of melt at depth and seafloor features. Building on geophysical information on subsurface melt at the 9 N overlapping spreading center on the East Pacific Rise, we use terrain modeling (DSL-120A side scan and bathymetry), photo-geology (Jason II and WHOI TowCam), and geochemical data to explore this relationship. Terrain modeling identified four distinct geomorphic provinces with common seafloor characteristics that correspond well to changes in subsurface melt distribution. Visual observations were used to interpret terrain modeling results and to establish a relative seafloor age scale, calibrated with radiometric age dates, to identify areas of recent volcanism. On the east limb, recent eruptions in the north are localized over the margins of the 4 km wide asymmetric melt sill, forming a prominent off-axis pillow ridge. Along the southern east limb, recent eruptions occur along a neovolcanic ridge that hugs the overlap basin and lies several kilometers west of the plunging melt sill. Our results suggest that long-term southward migration of the east limb occurs through a series of diking events with a net southward propagation direction. Examining sites of recent eruptions in the context of geophysical data on melt distribution in the crust and upper mantle suggests melt may follow complex paths from depth to the surface. Overall, our findings emphasize the value of integrating information obtained from photo-geology, terrain modeling, lava geochemistry and petrography, and geophysics to constrain the nature of melt delivery at mid-ocean ridges.
Introduction
[2] An overarching goal in the study of mid-ocean ridges is to understand the linkages in the magmatic system from melt generation in the mantle to eruption on the seafloor. A key part of this system is the relationship between volcanism and the distribution of melt at depth in the crust and upper mantle. Axial magma lenses have been imaged by seismology beneath nearly all fast to intermediatespreading ridges [e.g., Detrick et al., 1987 Detrick et al., , 2002 Baran et al., 2005; Carbotte et al., 2006 ] and a few slow spreading ridges [e.g., Singh et al., 2006] . Sheeted dike units, representing the solidified conduits that transport magma from the melt lens, are observed ubiquitously underlying the volcanic layer in tectonic windows and drill cores in fast-spread crust [Karson, 2002] . Thus, we know that dike intrusion is the fundamental process that brings melt from depth to erupt on the ocean floor.
However, the relationships between crustal magma storage, melt transport through diking, and seafloor eruptions are not fully understood.
[3] Much attention has focused on the vertical component of dike propagation in the construction of the ocean crust [e.g., Perfit and Chadwick, 1998] , with persuasive evidence that vertical transport dominates in some settings [e.g., Bergmanis et al., 2007; Marjanović, 2013; Carbotte et al., 2013] . But studies of subaerial dike intrusion events show that dikes commonly travel tens of kilometers horizontally, often erupting far from their magma source [e.g., Björnsson et al., 1977; Sigurdsson and Sparks, 1978; Keir et al., 2009; Hartley and Thordarson, 2013] . Within this context, the goal of this study is to use our knowledge of the spatial variability of subsurface melt at the 9 03 0 N overlapping spreading center (hereafter 9N OSC) on the East Pacific Rise (EPR) (Figure 1) to characterize magma transport and associated accretion processes. The unprecedented body of geophysical data previously published for this OSC, described below, present a window into a highly variable melt supply and storage system that allows these relationships to be explored.
[4] During our 2007 R/V Atlantis cruise to the 9N OSC, we surveyed with DSL-120A side-scan sonar, and photographed and sampled seafloor using ROV Jason II and the WHOI TowCam. Here we report our visual and side-scan sonar results, analyzed as an integrated data set of geomorphic igure 1. Bathymetric map of the 9 03 0 N OSC between the Clipperton and Siqueiros transform faults on the East Pacific Rise. Jason II and WHOI TowCam traverses are shown as colored lines (see legend). Envelope of side-scan sonar backscatter coverage, obtained along 10 north-south DSL-120A track lines, is shown by dashed black lines. Melt sills underlying the east and west limbs are shaded [Kent et al., 2000] . Spreading direction (82 ) shown as black line with arrows [Gripp and Gordon, 2002] . seafloor observations. These data provide insights into where, when, and how the seafloor formed relative to melt distribution at depth. Results of geochemical, petrologic, magnetic, hydrothermal, and radiometric age dating studies are reported elsewhere [Wanless et al., 2010 [Wanless et al., , 2011 [Wanless et al., , 2012 Waters et al., 2013; O'Brien and White, 2007; Zaino et al., 2008] and are used here as complementary data that aid our interpretation of the geologic observations.
Background and Geologic Setting
[5] Previous bathymetric surveys of the EPR between 8 N and 10 N identified the presence of several overlapping spreading centers [Macdonald and Fox, 1983; Lonsdale, 1989] , including the 9N OSC, a prominent second-order discontinuity between the Clipperton and Siqueiros transform faults (Figure 1) . The 9N OSC is right stepping; its east and west limbs overlap by 27 km, with a maximum distance between the limbs of 8 km. The EPR here spreads at a full rate of $110 mm/ yr at $N82 E, and the OSC has migrated southward at an average of $42 mm/yr over the past $2 my [Carbotte and Macdonald, 1992] . Previous side-scan sonar and reconnaissance photographic studies showed younger lava flows on the east limb compared to the west limb, suggesting that migration of the OSC occurs by southward propagation of the east limb into older lithosphere and on-average recession, or dying, of the west limb [Sempere and Macdonald, 1986a] . The spreading rate on each limb is believed to slow approaching the ridge tips, so that the spreading rate divided between the two limbs equals the full spreading rate for the EPR; however, the exact spreading rate at any point along each limb is unknown.
[6] Interpreting their side scan and photographic data, Sempere and Macdonald [1986a] described five tectonic provinces at the OSC: east and west ridges, east and west ridge tips, and overlap basin. Their interpretations suggest that the east and west ridge tips are characterized by both a high abundance of fissures rotated clockwise relative to the direction of Cocos-Pacific Plate spreading and increasing ridge crest depths approaching the tip. East and west ridges are characterized by an axial summit trough that becomes less well-defined approaching each ridge tip. The west ridge tip disappears to the north into the block faulted abyssal hill terrain of the western flank of the EPR. Photographs of the overlap basin suggest a volcanically dominated region characterized by large volcanic edifices with few faults or fissures. Sempere and Macdonald [1986a] had difficulty collecting Deep-Tow photographs due to the steep terrain everywhere except on the east and west ridges, where they found mainly old-appearing pillow lavas with a few more glassy-looking pillows along the highly fissured axes.
[7] The 9N OSC has been the focus of extensive efforts to characterize the spatial distribution and characteristics of melt at depth. Of particular interest are results of the first true three-dimensional seismic reflection survey on a mid-ocean ridge [ARAD survey of Kent et al., 2000] as well as a three-dimensional seismic refraction study [Dunn et al., 2001; Toomey et al., 2007] . These studies, combined with older multichannel seismic work [Detrick et al., 1987; Harding et al., 1993; Kent et al., 1993] , provide one of the most detailed characterizations of subsurface melt distribution available for any part of the global ocean ridge system. Along the east limb, seismic reflection results [Kent et al., 2000; Singh et al., 2006; Tong et al., 2002] reveal a shallow ($1.6-2.2 km beneath the seafloor), asymmetric, >4 km wide melt sill, or axial magma chamber, extending westward from the east limb axis just north of the overlap basin ( Figure 1 ). Further south along the east limb, the sill narrows to <250 m wide and plunges $500 m in depth, cutting across the surficial ridge fabric and terminating off-axis east of the propagating limb tip. In contrast to the variable width and depth of the melt sill beneath the east limb, the sill imaged beneath the west limb is centered below the ridge axis and varies little in width or depth within the area studied [Kent et al., 2000] . Although no melt sill was mapped beneath the OSC basin, midcrustal [Bazin et al., 2003 ] and lower crustal [Crawford and Webb, 2002] melt have been identified beneath the northern part of the basin, and an upper mantle low velocity zone, suggesting a few percent melt, cuts diagonally across the basin from the west to the east limb [Dunn et al., 2001; Toomey et al., 2007] .
Data Collection and Methods
(www.marine-geo.org/tools/search/entry.php ?id¼ AT15-17).
[9] Jason II was deployed four times ( Figure 2 ; J2-264, J2-265, J-266, J2-267) for a total of 234 h covering $20.4 km ( Figure 1 ). We collected $7000 digital photographs, 213 h of three video streams, 282 rock samples, and hydrothermal vent waters and biota from the Medusa vent site. The WHOI TowCam [Fornari, 2003] digital camera system was deployed seven times, collecting $10,000 photographs ( Figure 1 ). TowCam photo-graphs were time-stamped and geo-referenced using layback-calculated position of TowCam from the ship's position, course, and wire out.
[10] DSL-120A is a 120 kHz phase bathymetric side-scan sonar system with a near-nadir backscatter pixel resolution of $1 m and $4 m for bathymetry when flown 100-125 m above the seafloor [Scheirer et al., 2000] . Ten track lines were used to achieve 100% backscatter coverage within the mapped area to closely match the ARAD seismic survey region (Figure 1 ). Navigation was initially 
Seafloor Visual Observations

Relative Seafloor Age Scale
[11] Because the primary goal of our study is to explore the spatial relationships between seafloor magmatism and the distribution of melt at depth, our analysis focuses on the use of photographs to estimate seafloor age and identify sites of recent eruptions. A number of previous studies have used visual characteristics of the seafloor to estimate relative age [Ballard et al., 1981; Macdonald et al., 1988; Embley and Chadwick, 1994; Haymon et al., 1993] based primarily on the extent of sediment cover in each image, as well as other factors such as the presence or absence of reflective (i.e., fresh) basaltic glass. We developed a relative age ranking (RAR) seafloor age classification system (ranked 1-5) based on sediment cover, connectedness of sediment pockets, presence or absence of glass and delicate ornamentation on lava surfaces, relief, and extent of intact rock ( Figure 2 ). Young seafloor (RAR 1) is characterized by the presence of glass, little or no sediment cover, well-defined extrusive forms, and common lava ornamentation. Old seafloor (RAR 5) exhibits heavy sediment cover and low relief, with outcrop comprising <10% of the photograph. RARs 2-4 grade between these end-members. It is worth noting that no seafloor photographed at the 9N OSC appears as young as the pristine volcanic terrain observed at areas of the EPR with known recent eruptions [e.g., 9 50'N, Rubin et al., 2012] . Perfit and Chadwick [1998] observe, however, that recently erupted lavas may not maintain their pristine appearance for much longer than $1 year.
[12] Using our relative age scale, approximately every twentieth photograph from each Jason II and TowCam lowering was examined in order, and assigned a RAR. In cases where images were dark, cameras were aimed away from the seafloor, or the vehicle was in the same location for a long period of time, photographs were skipped and the next interpretable image was used.
[13] An evaluation of the validity of our relative age scale and estimates of absolute age for each age scale rank is presented in Supplement 1 in the supporting information. 1 This analysis, based on data collected north of the OSC [Escartin et al., 2007; Sims et al., 2002 Sims et al., , 2003 , reveals strong correlations between photographically determined relative age ranks and radiometric (U-Th) ages. On average, each unit increase in our relative age ranking represents an increase of $18,000 years. This should be viewed as a rough estimate, however, particularly for young seafloor (RAR 1 and 2).
Photographic Results
[15] We summarize below our photographic results, emphasizing relative seafloor age estimates using our relative age scale, and include brief descriptions of lava morphology, deformation, and other features.
The East Limb
[16] The axial summit trough (AST) along the east limb contains the greatest extent of young seafloor (RAR 1) within our study area (Figures 3 and 4 ). Within the AST, lavas exhibit abundant fresh glass with little sediment cover. An active hydrothermal vent field located at 9 08.3 0 N, named the Medusa vent site for its pink jellyfish (Stauromedusae), is centered within the area of youngest lava on the east limb ( Figure 4 ). Lava morphology along the east limb is dominated by roughly equal proportions of lobate and pillow lavas (with some large andesitic/ dacitic pillows); sheet flows were rarely observed.
[17] Further south along the east limb, south of $9 04 0 N, the youngest seafloor (RAR 1-2) is confined to a bathymetric ridge that curves southwestward adjacent to the overlap basin (Figures 3 and  4 ). Lava morphology here is similar to that observed to the north although pillow lavas appear to be more common than lobate flows. Notably, only old seafloor (dominantly RAR 3-5) is observed overlying the seismically imaged plunging melt sill. Indeed, much of the seafloor at the southern end of the east limb consists of faults and fissures (see sonar results below), which in map view fan out over a wide area extending east of the volcanically active bathymetric ridge.
[18] For most of the east limb region, off-axis photographs show the expected signs of increasing seafloor age with distance from the AST. There is one important exception, however. A prominent, pillow-dominated ridge, which overlies the western edge of the wide melt sill, was found to be anomalously young, averaging RAR of $2, with light sediment cover, some visible glass, and delicate lava ornamentation ( Figure 4 presence of an axis-centered melt sill, seafloor ages for the west limb are typically RAR 2-3 although isolated occurrences of young seafloor (RAR 1) were also observed (Figures 3 and 5). No active hydrothermal venting or plumes were observed, although extinct hydrothermal chimneys were found. Overall, in contrast to the east limb ridge, our observations of the west limb surveyed suggest that it has experienced less frequent recent magmatic activity.
The Overlap Basin
[20] Photographic coverage within the overlap basin is limited to two TowCam lowerings and short transits near its edges (Figures 1, 3 , and 6). A traverse extending west of the east limb tip region imaged a gradually deepening bench that consists primarily of intermediate to young seafloor (RAR 2-3) with pillow and lobate flows. Within the interior of the basin, there is a patchy distribution of young and old seafloor (RAR 2-5; Figure 6 ); lava morphology is dominated by pillows, and broken pillow fragments and talus are common. Little evidence of faulting or fissuring was observed within the basin, suggesting that infrequent eruptions repave large areas of seafloor [White et al., 2009] and that the basin experiences little internal deformation [Sempere and Macdonald, 1986a; Tong et al., 2005] .
Sonar Data Analysis
[21] The DSL-120A sonar system collects acoustic backscatter data that provides complete seafloor imaging over a vast area of the OSC not examined visually, and thus allows us to explore variations in the characteristics of seafloor over the whole study area (Figure 7) . The meter-scale resolution of the data from this system is also ideal for mapping features at the scale of individual lava flows, faults, and fissures.
Sonar-Based Classification of Seafloor
[22] Distinctive seafloor terrains were identified using a terrain modeling approach that employs objective, consistent rules to differentiate areas of different seafloor texture. We extracted patterns in seafloor texture from independent bathymetry (Supplement 2 in the supporting information) and side-scan sonar (section 3) data sets using techniques commonly employed within the field of remote sensing. It is important to note that seafloor texture is composed of volcanic, tectonic, and other features as recorded in bathymetry and side-scan sonar, and is derived independent of visual observations. Thus, while factors such as lava morphology resulting from variations in magma viscosity, local slope, and effusion rate certainly influence seafloor texture, such factors are not explicitly included in the classification.
[23] DSL-120A side-scan backscatter intensity was used directly along with texture patterns from graylevel co-occurrence matrices [Haralick et al., 1973] . For bathymetry, we merged EM300 [White et al., 2006] , seismic seafloor reflector depth from the ARAD survey [Combier et al., 2008] and Hydrosweep [Kent et al., 2000] to create a bathymetric grid with the highest available resolution overall (30 m Â 30 m; Supplement 2 in the supporting information). A grid of local relief was created, from which we derived several topographic metrics, as described in Supplement 2 in the supporting information. We ran a principal component analysis (PCA) on the side scan and topographic metrics each, to minimize the influence of redundancy in the derived raster data and reduce the computational effort of the final classification. We then ran both a supervised and unsupervised classification using the five top PCA rasters representing >95% of the variance of the original data, to produce a classification of the unique and distinctive seafloor terrain patches present in the study area (see Supplement 3 in the supporting information for details).
[24] The identification and selection of seafloor terrains were made using both a supervised and an unsupervised classification approach (see Supplement 3 in the supporting information). In the supervised classification, an AI-classifier is trained to try to find areas where the characteristics match a known class defined by the human user [e.g., Stewart et al., 1994 ; Jensen, 2005] . A supervised classification uses training data from user-select locations that best describe a particular class, to identify the distinctive characteristics of that class. The computer then uses these characteristics to assign terrain classes to every pixel in the study area. We specified five areas of interest (AOI) for the supervised classification, corresponding to the five tectonic provinces (propagating ridge, propagating tip, basin, receding ridge, receding tip) defined by Sempere and Macdonald [1986a] . The supervised classification found only four distinct terrains (Figure 8a ), despite the five AOI (tectonic provinces) included in the supervised classification. To help confirm this result, we also performed an unsupervised classification using the ISODATA algorithm [Ball and Hall, 1965 ] (see Supplement 3 in the supporting information). In contrast to supervised classification, unsupervised classification receives no a priori information about what classes exist. The output represents spatial provinces with statistically distinct terrain patterns defined by the ISODATA clustering algorithm from the PCA raster stack. The unsupervised classification also produced only four classes (Figure 8b) , and their spatial distribution is strikingly similar to that of the supervised classification ( Figure 8a ). The correspondence of these two independent techniques in identifying the number of distinct terrains and their distribution supports the validity of our terrain modeling results. [25] Our assessment of the internal consistency of the supervised classification method, described in Supplement 4 in the supporting information, indicates that the classifier consistently reproduces the classes chosen to represent distinct terrains in four out of five areas, with the fifth area identified as one of the other four. This analysis suggests that the four terrains identified are robust representations of the range of local terrain types within kilometerscale precision. The variability in tectonic and mag-matic processes that are believed to be responsible for creating different terrains are likely to vary on a similar scale [Escartin et al., 2007] .
Sonar Classification Results: The Nature of Seafloor Within Classified Terrain Provinces
[26] Our terrain modeling suggests that similarities or differences in ocean crust construction and evolution can be meaningfully identified and explored without a priori assumptions of the processes that may occur in a given tectonic or geographic region (e.g., east limb, ridge tip, overlap basin). We found, for example, that the propagating ''eastern ridge tip'' of Sempere and Macdonald [1986a] contains a mix of terrains rather than a single distinct terrain.
[27] We can better understand the underlying differences that these four terrain provinces represent by examining geologic features interpreted from the sonar data (e.g., mounds, faults, fissures) as well as drawing upon the photographic data within each terrain. We manually digitized fissures, faults, mounds, and ponded lava flows from the DSL-120A backscatter and compiled bathymetric data (Figure 7b ), as described in Supplement 2 of the supporting information. The distribution of geologic features and other characteristics among the terrains is shown in Figure 9 .
[28] The ''Smooth'' terrain is dominantly found along the northern portion of the east limb and extends $4 km west from the ridge crest by to the edge of the area mapped by sonar ( Figure 10a ). This terrain is characterized as having the least area covered by mounds and those that are present are relatively small (Figure 9b ). It is also the terrain with the greatest percentage of young (RAR 1) seafloor (Figure 9d ). The ratio of pillows to lobate flow morphologies (Figure 9a ) is lower here than elsewhere in the study area (2:1) although still considerably higher than typical elsewhere along this segment of the EPR [Kurras et al., 2000; White et al., 2002; Fundis et al., 2010 ].
[29] The ''Fissured'' terrain is found along the east limb south of 9 04 0 N and along much of the west limb (Figure 10a ). As the name suggests, the distinguishing feature within this terrain is the high density of fissures (7 km fissure length/km 2 ), almost double that of any other terrain (Figure 9c ).
Pillow mounds are smaller here than in other terrains and cover a relatively small area (Figure 9b ). The ratio of pillow to lobate flow morphologies is about 3:1, and talus is more common here than in the Smooth and Hummocky terrains (Figure 9a ), as expected for an area experiencing significant brittle deformation.
[30] The ''Hummocky'' terrain occurs at the northern tip of the west limb, wrapping around it to the east, and both to the east and west of the Fissured terrain on the east limb near its tip (Figure 10a ). In this terrain, pillow mounds cover the greatest area of seafloor, and the pillow mounds are relatively large (Figure 9b ). It also has fewer fissures than either the Smooth or Fissured terrains (Figure 9c ).
[31] Finally, the ''Mounded'' terrain corresponds to the area commonly referred to as the overlap basin ( Figure 10a ). This terrain is characterized by its high relief, relatively steep volcanic pillow ridges flanked by areas of broad flat lava flows. The mounds in this terrain are the most abundant and of largest median area in our study area (Figure 9b ). It has the fewest faults and fissures and the greatest percentage of talus (Figures 9a and  9c ).
[32] On the scale of the OSC as a whole, our terrain modeling results correlate remarkably well with the spatial distribution and characteristics of the melt sills described by Kent et al. [2000] and Singh et al. [2006] (Figure 10a) [Bazin et al., 2001] . Combining these results with information on seafloor age, photo-geology, and lava petrology, and geochemistry allows us to constrain processes of crustal accretion and evolution.
Discussion
[33] A primary motivation of our study of the 9N OSC is to explore the relationships between melt distribution at depth and magmatism on the seafloor. An unprecedented body of geophysical work on the OSC documents subsurface magma storage systems that are highly variable in spatial distribution and melt abundances [e.g., Kent et al., 2000; Bazin et al., 2003; Singh et al., 2006; Dunn et al., 2001; Toomey et al., 2007] . Previous work has led to hypotheses on the pathways that bring melt from depth to the surface-hypotheses that were difficult to test with existing data [Sempere and Macdonald, 1986a; Carbotte and Macdonald, 1992; Langmuir et al., 1986; Natland et al., 1986] . Assuming that the characteristics of the melt lens studied in 1997 [e.g., Kent et al., 2000] are relevant to seafloor characteristics we observed in 2007, our data allow us to test hypotheses and prevailing assumptions about the links between melt at depth and surface eruptions. Below, we synthesize our findings in the context of previous work in each OSC area, and summarize in section 6.5.
Northern East Limb and Off-Axis Eruptions
[34] In the northern portion of our study area, photographic results show that the youngest volcanism occurs along the bathymetric east limb axis and that seafloor age generally increases off-axis to the east or west, consistent with seafloor spreading (Figures 3 and 10 ). The expected increase in seafloor age is interrupted, however, at the pillow ridge, which exhibits consistently younger ages ($RAR 2) than seafloor closer to the axis. These findings suggest that recent volcanism in the northern area occurs in only two places: along the east limb bathymetric axis and on the pillow ridge 4 km to its west, with only sporadic recent volcanism in between. This is also consistent with our terrain modeling results, which show that the Smooth terrain extends west from the axis and transitions to Hummocky terrain in the vicinity of the pillow ridge (Figure 10a ), indicating a change in the style of magmatism that includes an increase in the number and size of volcanic mounds. These findings also support the results of detailed bathymetric analysis suggesting that the off-axis pillow ridge is volcanically active [Tong et al., 2003; Combier, 2005] .
[35] Eruption ages determined by U-series isotope studies [Waters et al., 2013 ] support our estimates based on photographic images. Lavas from the northern east limb axis have U-series age limits of <0.1 ka (Figure 3) , consistent with recent eruption (RAR 1). 230 Th-226 Ra model ages from the pillow ridge average 1.0 ka in age, despite the fact that crust at this location should be $68 ka (assuming half-spreading rate of 5.5 cm/yr). Only one sample (J265-32) recovered from the basin between the axis and the pillow ridge was dated radiometrically, yielding a model age of 0.7 ka. This sample, recovered from an area of apparently younger offaxis seafloor, may be part of a lava flow originating on-axis or may provide evidence of sporadic off-axis eruptions within the basin. However, the vast majority of photographs within the basin show much older seafloor (Figures 3 and 10) suggesting little recent magmatic activity between the axis and pillow ridge.
[36] Based on available data, it appears that off-axis volcanism in this region is localized over the western edge of the melt sill. One possible explanation for this is that off-axis melt within the sill exploits growth faults associated with abyssal hill formation [Macdonald et al., 1996] ; in this case, the position of the pillow ridge over the western edge of the sill is largely coincidental. A more intriguing possibility, however, emerges from a recent study of dike intrusion processes at the 9 50 0 N area of the EPR [Germanovitch et al., 2011] . Based on modeling of fracture mechanics, these authors show that dikes are more likely to initiate near the edges-rather than at the center-of an axial magma sill, because tensile stresses are concentrated near the sill margins. This model would explain the origin of the pillow ridge (above the western edge of the melt sill), as well as volcanism on-axis above the eastern margin of the melt sill. The model is also supported by seismic results that show that the roof of the melt sill has two elevated ridges, one beneath the axis and the other beneath the pillow ridge, consistent with an elevation of isotherms associated with diking [Combier et al., 2008; Tong et al., 2002] .
[37] Assuming that the dike intrusion model described above is correct, this offers an opportunity to explore the continuity of the melt sill by comparing the compositions lavas collected onaxis and along the pillow ridge. A common way to identify distinct magma sources relies on the use of radiogenic isotope compositions or incompatible trace element ratios [e.g., Zindler et al., 1984] . However, all samples analyzed from the east limb of the 9N OSC have similar, incompatible trace element-depleted characteristics and isotopic compositions [Wanless et al., 2010; Waters, 2013] , and therefore cannot be used to identify distinct mantle sources or melt reservoirs. Nevertheless, other geochemical and petrologic differences between the east limb axial and pillow ridge lavas suggest distinct magmatic histories and melt delivery systems.
[38] With respect to major elements, more than half of the lavas recovered on-axis are andesites and dacites (Figure 9e ) that formed through significant extents of fractional crystallization and crustal assimilation [Wanless et al., 2010 ]. In contrast, samples from the pillow ridge are dominantly basaltic (ferrobasalts with $7.5 wt.% MgO), and exhibit no evidence of crustal assimilation. Based on these findings, Wanless et al.
[2012] conclude that there is no mixing between axial and pillow ridge magmas, and that the processes that lead to the observed range of evolved magmas (crystallization, assimilation, and mixing of contiguous magma bodies) occurred relatively recently only beneath the east limb axis. This difference in shallow melt storage and evolution is also consistent with seismic evidence suggesting variable distribution of melt within the wide melt sill, with continuous melt-rich areas imaged beneath the axis but discontinuous pockets of melt off-axis [Kent et al., 2000; Singh et al., 2006 ].
[39] Support for the idea that unusual magmatic processes occur beneath the east limb comes from the finding of 210 Pb excesses in axial ferrobasalts and basaltic andesites [Waters et al., 2013] . This signature, while common in arc magmas, is highly unusual in MORB, and appears to require gasmagma fractionation of 222 Rn from 226 Ra (in the 238 U decay series 226 Ra-222 Rn-210 Pb). Waters et al. [2013] propose a scenario in which bubbles containing 222 Rn stall in the subaxial basalt sill beneath a viscous, dacitic magma cap; 210 Pb accumulates by decay and the 210 Pb-enriched basalt periodically mixes with the evolved melt and erupt as ferrobasalt. While no 210 Pb excesses were found in the $1 ka-old pillow ridge lavas, this is not surprising because the short half-life of 210 Pb (22.6 years) leads to secular equilibrium within $100 years. Nevertheless, this work, and that of Wanless et al. [2010] , emphasize the unusual magmatic conditions required to produce the east limb axial lavas, in contrast to those of the pillow ridge.
[40] Petrographic results provide further support for the separate origin of magmas feeding the axis and those feeding the pillow ridge. Zaino et al. [2008] found that phenocryst abundances exhibit systematic spatial variations: samples from the northern east limb axis are dominantly aphyric while samples from the pillow ridge (as well as the east limb tip described below) are uniformly more crystal-rich ( Figure 11) . These spatial differences in phenocryst abundances are not related to differences in magma compositions: east limb axial and pillow ridge basalts have a similar range of MgO contents but differ in their crystal contents (axial andesites and dacites are also aphyric). This suggests that some physical process leads to the occurrence of phenocrysts in the pillow ridge magmas but not in the axial magmas.
[41] One possible explanation for the greater phenocryst abundances in the pillow ridge lavas draws upon the well-documented effects of flow differen-tiation in igneous dikes [e.g., Komar, 1972] . As magma flows within a dike, mechanical interactions between phenocrysts in the melt give rise to grain-dispersive pressure, leading to concentration of phenocrysts in the flowing dike center [e.g., Brouxel, 1991; Ross, 1986; Chistyakova and Latypov, 2009; Zurevinski and Mitchell, 2011] . The farther magma (melt þ crystals) travels in a Figure 11 . (a) Phenocryst abundances in 9N OSC lavas, color-coded (see legend) for percent by volume [Zaino et al., 2008] . On average, higher phenocryst abundances occur in lavas from the south end of the east limb and in lavas from the off-axis pillow ridge; lavas from the northern east limb axis are typically aphyric or sparsely phyric. Lavas from the west limb span a wide range in phenocryst abundances with no spatial systematics. (b) Lava compositions color-coded (see legend) to distinguish dacite (>62 wt.% SiO 2 ), andesite (57-62 wt.% SiO 2 ), basaltic andesite (52-57 wt.% SiO 2 ), and basalt <52 wt.% SiO 2 ) [modified from Wanless et al., 2010]. propagating dike, the more crystal-rich the magma may become. The greater phenocryst contents of pillow ridge lavas compared to east limb axial lavas may result from the greater vertical or horizontal distance the magma traveled during dike propagation prior to eruption. Moreover, the fact that none of the pillow ridge phenocrysts are in equilibrium with their host magmas, having crystallized from a more primitive melt, suggests that the phenocrysts were entrained prior to intrusion, and that little if any crystallization occurred during relatively rapid magma migration and eruption [Zaino et al., 2008 ].
Southern East Limb and Flanks
[42] A significant change in the character of the east limb occurs south of $9 4 0 N. Here the Smooth terrain of the northern east limb transitions to Fissured terrain sandwiched by a large expanse of Hummocky terrain to the west and a smaller portion to the east, and the seafloor fabric begins to curve toward the southwest (Figure 10a ). Photographic data show that the locus of young volcanism tracks this curvature but cuts more sharply to the southwest, forming a neovolcanic ridge that hugs the edge of the overlap basin (Figures 3 and 10) . U-series age constraints indicate that lavas erupted along the neovolcanic ridge are <0.1 ka (Figure 3) [Waters et al., 2013] . Despite the curvature of both the seafloor fabric and neovolcanic ridge, the plunging melt sill beneath the east limb continues along the same trend exhibited farther north, cutting across the seafloor fabric.
[43] The spatial divergence of the neovolcanic zone and the plunging melt sill has been attributed to a decoupling of the stress field of the brittle upper crust from that of the ductile lower crust and upper mantle [Combier et al., 2008] . In this model, the curvature of seafloor features results from shallow crustal stresses associated with the interaction of the east and west limbs of the OSC [Pollard and Aydin, 1984; Sempere and Macdonald, 1986b] , while the regional stress field associated with plate spreading controls the ductile lower crust and upper mantle, causing melt at depth to align closer to perpendicular to spreading direction [cf., Toomey et al., 2007] .
[44] Our photographic data show that this decoupling of shallow and deep stress fields manifests itself in a decoupling between surface volcanism and underlying melt bodies. Only old seafloor overlies the plunging melt sill, suggesting that the sill is the source of little if any recent magmatism in this area (Figures 3 and 10) . Conversely, no melt body has been imaged beneath the southern neovolcanic ridge, suggesting that the magma that feeds this ridge is derived from elsewhere.
[45] These findings support previous work [Tong et al., 2002; Combier et al., 2008; White et al., 2009] suggesting that the neovolcanic ridge forms by southward dike propagation, tapping melt from the magma-rich axial melt lens 6-10 km to the north. Additional support for this view comes from geochemical and petrologic results. First, like the axial lavas analyzed further north, basalts from the neovolcanic ridge have 210 Pb excesses (Figure 3) [Waters et al., 2013] . But in contrast to the northern axis, where lavas range from basalt to dacite, only basalts erupt along the neovolcanic ridge. Therefore, the conditions that appear necessary to produce 210 Pb excesses in the north (a viscous dacite cap that causes the underlying basalt melt to accumulate 222 Rn-bearing bubbles) do not exist along the neovolcanic ridge. This suggests that the neovolcanic ridge derives its magma from the axial melt lens to the north where the isotopic disequilibrium is produced. A second line of evidence supporting southward dike propagation is our finding that lavas from the neovolcanic ridge, like those from the off-axis pillow ridge, are significantly more phyric than east limb axial lavas to the north (Figure 11) , and phenocrysts are not in equilibrium with their host magma. As argued above with respect to the pillow ridge, the phyric nature of these lavas may result from flow differentiation during dike propagation [Brouxel, 1991; Komar, 1972] , suggesting southward transport of magma from the northern east limb axis.
[46] Based on detailed bathymetric analysis, Combier [2005] suggested that the southern east limb consists of a series of curved volcanic ridges formed by southward dike propagation. Our terrain modeling results, which show a symmetrical pattern of Fissured terrain sandwiched by two areas of Hummocky terrains (Figure 10a ), are consistent with this view and suggests the following scenario. Repeated southward diking events, like those that formed the neovolcanic ridge (situated within Hummocky terrain), build the series of curved volcanic ridges that as a whole comprise both the Fissured and Hummocky terrains. Periodic episodes of extension, perhaps due to noneruptive dike intrusion, lead to fissuring within a central band, producing the distinctive Fissured terrain. The observation that volcanic mounds, which appear to be associated with the curved volcanic ridges, are in some cases cut by fissures while in other cases appear to overprint fissures (Figure 7) suggests that episodes of eruption and extension occur synchronously or alternate with one another over short time scales.
[47] With the caveat that our photographic coverage is limited, we can nevertheless place some constraints on the timing and relative sequence of volcanic events along the southern east limb. We know from photographic and radiometric data that the neovolcanic ridge is young, $100 years old (RAR ¼ 1) (Figure 3) [Waters et al., 2013] . Moving east along a traverse from the neovolcanic ridge, across the Fissured terrain, seafloor shows a regular progression in relative age rank to RARs 3-5 (Figure 10a ). To the extent that our calibration of the relative age rank provides a rough estimate of the age of seafloor older than RAR 2 (see Supplement 1 in the supporting information), this suggests that seafloor at the eastern limit of our survey is >36 ka. These findings suggest further that over the past few tens of thousands of years, southward diking has repeatedly cut sharply toward the inside curve (west) of the previous volcanic ridge. Interestingly, seafloor ages also increase moving southward within the region (compare, e.g., the two traverses within the Fissured terrain in Figure 10a ), suggesting that periodic diking events in the past extended further south than the most recent event at the neovolcanic ridge.
The West Limb
[48] The west limb is composed dominantly of Fissured terrain, capped at its northern tip by Hummocky terrain that spreads eastward and merges with the southern extension of the pillow ridge (Figure 10a ). The transition from Fissured to Hummocky terrain coincides with the appearance of well-defined volcanic ridges [Combier, 2005] , where previous photographic results [Sempere and Macdonald, 1986a] identified a mixture of young and old seafloor. Our limited photographic survey shows that, in contrast to ubiquitous young seafloor along the east limb, the west limb axis exhibits a mixture of medium-aged seafloor (RAR 2 and 3), consistent with previous studies suggesting less magmatic activity [e.g., Combier, 2005] . Notably, however, an isolated area of young seafloor (RAR 1) was identified a few kilometers north of the melt sill (Figure 3) , raising the possibility of sporadic northward diking events emanating from the sill to the west limb tip, reminiscent of the diking events postulated for the southern east limb (section 6.2). Interestingly, like samples from the southern east limb, west limb lavas tend to be phyric (up to 17%) ( Figure 11) [Zaino et al., 2008] , possibly due to lower magma supply relative to cooling rates and/or flow differentiation during dike propagation.
[49] Overall, our results suggest that the west limb experiences infrequent diking events, producing the observed mixture of young and old seafloor. These diking events likely propagate northward, suggested by the young seafloor north of the melt sill; in the past, intrusion and eruption may have extended as far as the Hummocky terrain at the northern west limb tip, producing the northern volcanic ridges. Magmatism appears to be synchronous with and overprinted by episodes of amagmatic extension and fissuring, perhaps due to dike intrusions at depth, producing the Fissured terrain that dominates the west limb axis. Further study of the northern end of the west limb is needed to determine how far recent eruptions extend on this ''dying'' limb.
The Overlap Basin (Overlap Region)
[50] Despite decades of study of overlapping spreading centers, the processes that lead to the formation of overlap basins remain elusive. The issue is complicated, in part, by one of definition, with recent studies using the term overlap basin to describe a broad region between the overlapping limbs, which likely includes seafloor produced in different ways. Terrain modeling is particularly useful in this regard because it objectively identifies differences in seafloor characteristics, thus isolating the effects of distinct magmatic and tectonic processes.
[51] The overlap region at the 9N OSC is dominated by a deep central zone of Mounded terrain, which along its margins abuts each of the three other terrains (Figures 8 and 10 ). Of particular, interest are the two areas of Hummocky terrain along the basin's eastern margin, that despite their greater depth, share the same terrain characteristics of the shallower adjacent east limb (Figure 10a ). This provides independent support for previous work [e.g., Bazin et al., 2001; Tong et al., 2003 Tong et al., , 2005 suggesting that particularly the southeastern portion of the overlap region shares a close genetic relationship with the propagating east limb.
[52] Our photographic results within the overlap region further support the distinction between Mounded and Hummocky terrains (Figure 10a ). Seafloor within the imaged areas of Hummocky terrain is relatively young (RAR 2), while that within the Mounded terrain shows a mixture of young to old seafloor (RAR 2-5). The latter is consistent with the view that the deepest part of the basin (the Mounded terrain) experiences sporadic eruptions that lead to the development of large volcanic mounds [Bazin et al., 2001; White et al., 2009] . White et al. [2009] hypothesize that these volcanic mounds tap small ephemeral melt bodies, possibly originating in the upper mantle lowvelocity zone that spans the basin [Dunn et al., 2001; Toomey et al., 2007] .
Recent Evolution of the OSC
[53] Our current observations of processes occurring at the 9N OSC represent a snapshot in time in the long-term evolution of this discontinuity. In a seminal study of the kinematics of the OSC, Carbotte and Macdonald [1992] showed that over the past 1.8 Ma the OSC has migrated southward episodically at an average rate of 42 mm/yr, leaving an off-axis V-shaped wake of abandoned ridge tips, overlap basins, and disrupted seafloor. Rift tip abandonment occurred either by decapitation, during which the en echelon limbs link and a relict overlap basin is rafted off-axis, or by selfdecapitation in which a splay of one limb curves sharply inward toward the overlap basin, cutting off its former ridge tip [Macdonald et al., 1988] .
[54] During the past decade, studies of the OSC have provided a more detailed understanding of the recent kinematics of accretion, particularly along the propagating east limb. Based on bathymetry and melt sill characteristics, Tong et al. [2002] proposed that the features we call the pillow ridge and the southern neovolcanic ridge represent incipient stages in the self-decapitation of the propagating east limb. Combier et al. [2008] and White et al. [2009] suggested further that these features develop by lateral southward dike propagation. By constraining seafloor age (through photography and U-series age dating) [Waters et al., 2013] and seafloor characteristics (through terrain modeling), the results we report here both support this view and provide additional information on accretion at the OSC.
[55] A conceptual illustration of our preferred interpretation is presented in Figure 10b . Overall, our results suggest that along the northern east limb axis, eruptions occur in a relatively narrow band over the eastern edge of the wide melt sill. Moving south along the east limb axis, in the vicinity of 9 04-05 0 N, the limb begins to curve in response to the rotation of the stress field [e.g., Pollard and Aydin, 1984] ; here, accretion occurs by southward diking that cuts sharply toward the overlap basin and taps magma from the melt sill >6 km to the north, producing the neovolcanic ridge. Evidence for previous southward diking events can be seen in the progressively older volcanic ridges that fan out to the east and south of the current neovolcanic ridge, suggesting that each new intrusion typically is emplaced west of the Figure 12 . Published geophysical data superimposed on bathymetry and tectonic interpretation. East limb and west limb neovolcanic zones (curved black lines), pillow ridge (black outline). Data from the ARAD seismic tomography experiment: melt sill (shaded gray) [Kent et al., 2000] , low-velocity anomaly maxima at 2.3 km bsf interpreted as melt (red dashed lines) [Bazin et al., 2003] . Lower crustal melt maxium based on compliance measurements (green dashed lines) [Crawford and Webb, 2002] , axial magma chamber seismic reflection profile (thick dashed black line) , upper mantle low velocity zones at 9 km bsf (dashed blue lines; darkest blue indicates lowest P wave velocity) [Toomey et al., 2007] . The northern extent of the ARAD study is indicated by thin black dotted line; extensions of the melt sill, lower crust seismic anomaly and compliance data to the north of this line represent our interpretation. Spreading direction (82 ) shown as black line with arrows [Gripp and Gordon, 2002] and direction perpendicular to interpretation of mantle seismic anisotropy [Toomey et al., 2007] shown as dashed line with arrows.
prior intrusion. The fact that the current neovolcanic ridge does not appear to extend as far south as older volcanic ridges suggests that overall southward OSC migration occurs through periodic southward jumps (upper crustal intrusions) of differing lengths.
[56] In the northern portion of our study area, photographic coverage suggests that the dominant site of off-axis eruptions occurs along the pillow ridge, which overlies the western edge of the wide melt sill. The simplest explanation for the formation of the pillow ridge is that it taps melt vertically from the sill beneath it [Combier et al., 2008] . However, as explored below, a number of lines of evidence suggest that a component of horizontal, southward dike propagation may also play a role in its formation.
[57] The relative importance of vertical versus horizontal magma transport during subaxial diking events has been the subject of much debate [e.g., Bergmanis et al., 2007; White et al., 2002; Stewart et al., 2002 Stewart et al., , 2003 Marjanović, 2013] . Carbotte et al. [2013] argue that in areas of the EPR where abundant melt is present, the predominant mode of transport may be vertical, while near large axial discontinuities, lateral transport may play a greater role. Indeed, among the many factors that govern the migration of dikes at spreading centers [e.g., Rubin, 1995] , modeling suggests that dikes will tend to propagate toward ridge segment ends as a result of the thickening of the elasticbrittle lithosphere [Grandin et al., 2012] . This argues in favor of a component of southward dike propagation toward the 9N OSC.
[58] Furthermore, real-time studies of subaerial dike intrusion events suggest that dikes may travel tens of kilometers horizontally, although the extent to which propagation of seismicity reflects magma transport is debated [e.g., Einarsson and Brandsdottir, 1980; Bjornsson, 1985; Dziak et al., 2007; Keir et al., 2009; Wright et al., 2006] . Such studies often describe the formation of fissure-erupted volcanic ridges, such as those associated with Kilauea and Mauna Loa in Hawaii or Laki and Krafla in Iceland, which are believed to have formed through lateral dike propagation [e.g., Björnsson et al., 1977; Decker, 1987; Thordarson and Self, 1993; Thordarson and Larsen, 2007] . We speculate that a similar process at the 9N OSC may have led to the formation of the pillow ridge, which becomes a more prominent feature in terms of elevation and relief north of our study area (Figure 12) .
[59] With respect to the west limb, while our limited photographic traverse over the narrow melt sill shows a mixture of relatively young and older seafloor with no spatial systematics, tantalizingly, recent eruptions were found $3 km north of the sill (Figure 5 ). In the absence of additional information on seafloor age, we speculate that west limb currently experiences intermittent northward diking events that extend a few kilometers north of the sill, and tap melt from more robust portions of the sill to the south (Figure 10b ). Further investigation of the northern end of the west limb is needed to better understand the timing of events involved in this limb's retreat.
OSC Migration
[60] Results presented here combined with previous findings have advanced our understanding of the kinematic evolution of the 9N OSC. But our understanding of the factors that drive the southward migration of the OSC remains elusive. Various hypotheses have been advanced to explain the direction of OSC migration. In one class of models, propagation of the advancing limb results from tectonic factors, such as excess along-axis topographic relief [e.g., Phipps-Morgan and Parmentier, 1985] , differential stress between the lithospheric plates [Lonsdale, 1994] , or the relative lengths of adjacent ridge segments [Macdonald et al., 1991] . Alternative models attribute advance of the propagating limb to episodic pulses of magma, possibly resulting from large-scale focusing of mantle upwelling at segment centers and along-axis melt migration toward magma-starved segment ends such as OSCs [e.g., Macdonald et al., 1988] .
[61] The finding of abundant crustal melt at the 9N OSC [e.g., Kent et al., 2000; Crawford and Webb, 2002; Bazin et al., 2003; Singh et al., 2006] and normal, albeit relatively evolved, magma geochemistry [Wanless et al., 2012] argues against the idea that this discontinuity experiences reduced magma supply and migrates in response to alongaxis pulses of magma from a robust segment center. Nevertheless, the presence of abundant crustal melt, particularly associated with the propagating east limb, encourages the view that more local magma supply leads to propagation of the east limb and the overall southward migration of the OSC. Within the OSC region, existing geophysical data (Figure 12 ) suggest the following general scenario for migration of melt from the upper mantle to the east limb region. In the upper mantle ($9 km below seafloor) a broad swath of low seismic velocities, interpreted as partial melt, cuts diagonally SW-NE across the OSC [Dunn et al., 2001; Toomey et al., 2007] . This melt percolates into the lower crust, apparently preferentially in the region north of the overlap basin between the west limb tip and east limb [Crawford and Webb, 2002; Bazin et al., 2003] . Lower crustal melt in this region rises and pools, spreading eastward along the base of a permeability barrier, possibly the sheeted dike complex, creating the wide off-axis melt sill [Kent et al., 2000] . Diking events initiate near the margins of the sill and transport magma to the surface, both vertically and horizontally, but with net southward dike propagation over time, leading to the overall southward migration of the OSC.
[62] Based on what is currently known, we support this scenario, but note that it raises some puzzling issues. The first concerns the poor spatial correlation between melt imaged in the upper mantle and that in the crust (Figure 12 ). As noted by Bazin et al. [2003] , the misalignment between the meltrich region of the lower crust and that of the upper mantle would require a complex trajectory of melt migration from depth. While it is possible that in the past the relative positions of upper mantle and crustal melt were vertically aligned, recent geophysical work suggests an alternate explanation. A magnetotelluric study of melt distribution in the mantle at 9 30 0 N on the EPR [Key et al., 2013] showed that while mantle shallower than about 20 km has generally high resistivity (interpreted as low porosity and low melt), an isolated higher melt channel extends from the EPR axis eastward about 10 km; this suggests efficient transport of magma within the upper mantle $10 km toward the axis. This higher porosity channel coincides with an area where seismic tomography identified an off-axis, low velocity anomaly in the upper mantle, like that imaged beneath the 9N OSC [Toomey et al., 2007] . To the extent that these findings are relevant to conditions at the 9N OSC, they indicate that melt imaged in the upper mantle may travel significant horizontal distances as it migrates from the upper mantle to the crust.
[63] This raises a second perplexing question: why is melt from the upper mantle preferentially focused toward the north rather than toward the south of the OSC basin? In other words, why does supply of magma favor the east limb, leading to its southward migration over most of the past $2 Ma [Carbotte and Macdonald, 1992] ? We speculate that there may be a reinforcing feedback mechanism, such that higher porosity pathways in the lower crust, once established, continue to be preferentially exploited. Previous seismic and seafloor compliance [Crawford and Webb, 2002] studies show that the wide asymmetric melt sill at the OSC persists north of the OSC (Figure 12) . Kent et al. [1993] speculated that just as the wide melt sill at the OSC extends west from the east limb to the tip of the dying limb, the westward displacement of the melt lens north of the OSC may approximate the previous location of the west limb as it recedes southward. Building on this idea, but emphasizing the plumbing systems beneath the sill, we suggest that the thermal and porosity structure established in the lower crust at the OSC may persist long after the surficial tectonic features of the OSC have migrated southward.
Conclusions
[64] Integration of our terrain modeling and photogeologic results with existing geophysical and geochemical data at the 9N OSC provides a rich perspective on the linkages between eruptive activity and the distribution of melt at depth. Modeling of seafloor texture identified four distinct terrains, suggesting that diverse tectonic, magmatic, hydrothermal, and sedimentary processes produce seafloor textures that can be described in a small number of dominant modes. Our finding that the classic tectonic divisions commonly used to describe OSCs (ridge axes, ridge tips, overlap basin) often consist of multiple terrains highlights the range of processes that occur in each tectonically defined region, and encourages a more nuanced perspective on OSC development and evolution.
[65] Our results show that recent eruptions above the 4 km wide asymmetric melt sill beneath the east limb occur dominantly along the sill's east and west margins, erupting respectively along the east limb axis and the anomalously young off-axis pillow ridge. The only recent volcanism observed along the southern east limb forms a neovolcanic ridge that curves westward into the overlap basin, sharply diverging from the seismically imaged plunging melt sill. Above the plunging melt sill, only older seafloor is observed, suggesting that this melt body is the source of little if any recent magmatism.
[66] We postulate that both the southern neovolcanic ridge and the pillow ridge form by diking events with a net southward direction of propagation, leading to the overall southward migration of the OSC. Along the dying west limb, intermittent northward diking events likely occur, but with time dikes extend less far to the north. The wealth of data collected from this region highlights that, at least at ridge axis discontinuities, melt migration from depth to eruption on the seafloor likely involves significant lateral as well as vertical transport.
